Previously it has been shown that measuring of the percent area of mammary fat pad occupied by mammary epithelial structures is a suitable parameter for bioassay estrogenicity and for the assessment of mixture effects of estrogenic agonists and antagonists. The purpose of the present study was to investigate how estradiol (E), progesterone (Prog) and E plus Prog dose dependently affect the number of terminal end buds (TEBs) and the number of ductal branchings in young intact (18-dayold) and adult gonadectomized male and female (OV-X, ovariectomized between 21-24 days of age; OV-X) C3H mice and assess if the number of the TEBs and ductal branchings are suitable supplemental parameters for estrogenicity bioassay. The results demonstrate that in animals treated with E or E valerate (EV) a classic biphasic dose-response curve was obtained. The lower doses of E or EV (0.001-0.1 µg.d -1 ) increased both the number of TEBs (mainly large buds) and ductal branchings, whereas the higher doses (1 and 10 µg.d -1 ) were inhibitory. In young intact females doseresponse studies with Prog alone revealed that the number of TEBs and the degree of ductal banchings progressively increased from the dose of 125 µg.d -1 and reached a higher level than that achieved in animals treated with E alone. However, in adult OV-X females Prog increased number of small TEBs from dose 250 µg.d -1 but the increase in ductal branching was not significant. Both parameters were lower than those achieved in animals treated with E alone. Prog alone at high (1000 µg.d -1 ) dose only slightly increased number of TEBs in young intact males but had no effect on number of both TEBs in castrated males and on the number of ductal branchings in both young intact and adult castrated males. In young intact females treated with different doses (0.001 -10 µg.d -1 ) E plus Prog (500 µg.d -1 ), the number of TEBs and the number of ductal branchings was not significantly different from that in animals treated with Prog alone. However, in OV-X females E plus Prog increased the number of both TEBs and ductal branchings when compared with OV-X females treated with Prog alone. In males E also synergized the effect of Prog in stimulation of both the number of TEBs and the number of ductal branchings. High dose (10 µg.d -1 ) of E in combination with Prog decreased number of both TEBs and ductal branchings in males and OV-X females.
There is considerable concern about the increasing incidence of endocrine-related cancers and deteriorating reproductive health in humans, wildlife and farm animals. Large number of natural and man-made chemicals with widely diverse chemical structure has the ability to mimic or inhibit the action of the endogenous steroid hormones by binding to and activating their receptors (Payne et al. 2000) . This diversity makes it difficult to predict steroid hormone agonist and antagonist activities on structural bases or radioimmunoassay or radioreceptorassay. It is clear that characterization of agents as steroid hormone agonist or antagonist necessitates the integrated use of in vivo and in vitro assays. However, the critical objective is to detect chemicals that may be active in vivo, thereby taking into account bioavailability and metabolism of a substance in animals. The golden standard for detection of functional estrogenicity at this time is still the mouse uterine bioassay, precisely because it replicates a live situation and incorporates the effects of metabolism, serum binding, and pharmacokinetics (Korach and McLachlan 1995) . However, this bioassay is not specific as the increase in uterine weight is stimulated not only by estrogens but also androgens (Neumann and Steinbeck 1974; ·karda 2002b) . Moreover, the increase in uterine wet weight results not only from hyperplasia but also from water inbibition and hypertrophy (which is also produced by estrogen antagonist) (Clark et al. 1980) . Thus, in vivo screening design should not consist of a single endpoint but rather several endpoints reflective to the mechanism involved in different organs in the same animal. Such tests would not be necessarily indicative of a specific mechanism of action, but capable of assessing overall function of the endocrine system (Ankley et al. 1998 ).
Recently we have developed a simple and reliable system for determination of steroid hormone agonist and antagonist activities in vivo in which stimulation and/or inhibition of growth of different organs (mammary gland, uterus, seminal vesicles and spleen) could be induced simultaneously in the same mouse with a single agent or a simple combination of agents (·karda 2002abc, 2003) . To evaluate mammary growth responses we determined the percent area of mammary fat pad occupied by mammary epithelial structures in mammary whole-mount preparations. Thus in contrast to uterotrophic assay this bioassay measures cell proliferation only. In the following experiments we used the degree of ductal branching and the number of terminal end buds (TEBs) at the terminus of ducts as a morphometric criterium of mammary growth, in response to estrogen and Prog.
Materials and Methods

Materials
2,2,2-tribromoethanol (Fluka Chemie AG, Buchs, Switzerland) and t-amylalcohol (Sigma-Aldrich, Prague, Czech Republic) were used for preparation of Avertin. Progesterone (Prog), 17β-estradiol (E) were bought from Sigma-Aldrich. A long-acting steroid -estradiol valerate (EV; Neofollin®) was purchased from Biotika, Slovenská Lupãa (Slovakia). Heavy-duty Kapak/Scotchpak heat sealable pouches (Stock No. 502) from KAPAK Corporation (Minneapolis, MN, U.S.A.) were gifts from Professor Evelyn M. Rivera, Michigan State University, East Lansing, U.S.A.). Oily vehicle (benzyl alcohol 24 g, benzyl benzoate 242 g, butylhydroxyanisole 2 g, butylhydroxytoluene 2 g, ethyl oleate 806 g, ethanol 28 g) was purchased from Spofa a. s. (Prague, Czech Republic).
Animals
Outbred C3H/Di mice were from our own colony. Animals were maintained on a 12 h light/12 h dark lighting schedule, fed pelleted diet (TOP Velaz, Lysá nad Labem, Czech Republic). To minimize variation of the doseresponse relationship of injected hormones, all young animals were weighed at the age of 18 days and only animals weighing 8 ± 1 g were randomly distributed into the treated groups.
Young intact (18 days of age) and adult gonadectomized (females were ovariectomized at 22-24 days of age; males were castrated at 30-35 days of age) mice were used. Gonadectomy was performed under Avertin anesthesia (· karda 2001) . Gonadectomy of the immature animals regresses mammary terminal end buds to form rudimentary TEBs or terminal ducts and arrests the further developments of mammary gland and uterus in females and seminal vesicles in males. Estrogens and progestins can reverse the changes induced by ovariectomy in females and induce growth of mammary rudiment in males. Testosterone and other androgens can reverse the changes induced in seminal vesicles by castration and inhibit E or E+Prog or norethindrone acetate stimulated growth of mammary rudiment (· karda 2002 abc, 2003) . Animals were subcutaneously injected 50 µl of oily vehicle (control) or a steroid hormone in oily vehicle for 10 or 15 days in females and males respectively. This period is long enough to mimic exposure to constant level of a steroid hormone agonist or antagonist or hormone mixtures for a significant phase of life much like that achieved in animals exposed to hormonally active xenobiotics.
Doses of hormones are expressed in mg per day per 11 or 13 g of body weight in young intact or per 21 or 24 g of body weight in adult gonadectomized females and males respectively. At the end of treatment and within 24 h of the last hormone administration, animals were killed and the first pair of inguinal mammary fat pads was removed for whole mount (· karda 2001) . In order to measure the degree of mammary ductal branching, junctions between ducts were counted on photographs of whole mount preparations. Small ducts or rudimentary branches and major ducts were counted equally. In addition, the number of end buds at the terminus of ducts was counted. Mammary fat pads of males that showed no detectable mammary gland were excluded from the data set.
All experimental procedures were conducted in compliance with the highest standards of humane animal care and approved by the Ethical Committee of the Institute of Animal Physiology and Genetics of the Academy of Sciences.
Statistical analysis
The number of both ductal branching and end buds was sufficiently normally distributed so that parametric analysis could be used. All data represent means ± S.E.M. Statistically significant difference was determined by ANOVA, followed by the Bonferroni test for individual comparisons of the mean. Differences were considered significant at P ≤ 0.05.
Results
When the animals were injected with different doses of estrogens (E or EV 0.001-10 µg.d -1 ), a classic biphasic dose-response curve was obtained both in young intact and adult castrated males and females (Table 1, 2, 3). The lower doses of E or EV (0.001-0.1 µg.d -1 ) increased the number of both TEBs and ductal branchings, whereas the higher doses (1 and 10 µg.d -1 ) were inhibitory. (12) Fig. 1 (Plate I) illustrates typical whole mounts of the first inguinal mammary glands of young intact females (day 28 of age) treated with placebo or with different doses of E. Glands of placebo treated animals contained ducts branched four to five times to form secondary, tertiary and quarternary ducts. All the ducts at the extremities of the glandular tree terminated in large dilated club-shaped TEBs. TEBs in the center of the gland and near the nipple were smaller. The duct system of adult OV-X females was similar to that in young intact prepubertal females with exception of TEBs that were rudimentary or absent as they regressed. Glands of E-treated animals showed a progressive lengthening and branching of ducts and the significant increase in the number of TEBs was observed in animals injected 0.01-1.0 µg.d -1 of E or EV in young intact and adult OV-X females. Expansions of duct ends ranged in size from large TEBs (club-ends), generally at the periphery of the parenchymal area, to small TEBs throughout the parenchymal area. However, high doses of E or EV (1-10 µg. d-1 ) had the opposite effect (inverted-U-shaped dose-response curve) (Table 1, 3). Table 2 Effect of 17ß estradiol (E), progesterone (Prog) and their combinations on the number of terminal end buds (TEBs) and ductal branchings of the first inguinal mammary gland in young intact and adult castrated male mice Young intact (18 days of age) and adult castrated males of C3H strain were subcutaneously injected 50 Ȑl of vehicle (0 -control) or a steroid hormone daily for 15 days. Other details are in the legend to Mammary glands of placebo treated males, both intact (35 days of age) and castrated (adult), showed no TEBs and no indication of branching of ducts beyond rudimentary duct system typical of untreated C3H males. Rudiment of the first inguinal mammary gland from both young intact and adult castrated C3H males is similar to that in a 13-to 14-day-old female fetus (Raynaud 1961). Glands of E-or EV-treated males showed appearance and increasing number of TEBs and progressive growth and branching of ducts from dose 0.01-0.1 µg.d -1 of E. High dose of E or EV (10 µg.d -1 ) decreased both the number of TEBs and branchings of ducts (Table 2 ). In young intact female and male mice treated with EV at a maximum effective dose (0.1 µg.d -1 ) a higher number of TEBs was achieved than in animals treated with E. Photographs of whole mounts of the first inguinal mammary glands of young intact and adult castrated males treated with E or E plus Prog were presented in our earlier paper (·karda 2002a).
To assess the contribution of progestational compounds to mammary gland growth, we analyzed whole-mounts of mammary glands from intact and gonadectomized mice treated with Prog alone or with Prog plus E. In young intact females Prog alone increased both the number of TEBs and the degree of ductal branching from dose 125 µg.d -1 (Table 1 ). The number of TEBs increased from 17.2 ± 0.9 in controls to 31.3 ± 2.1 and the number of ductal branchings increased from 21.9 ± 1.0 in controls to 45.6 ± 4.4. Higher dose of Prog (250 µg.d -1 ) induced formation of alveolar buds and lobuloalveolar structure in the center of the gland and at the dose of 500 µg.d -1 the number of lateral branches with alveolar buds were numerous along the sides of large mammary ducts (Table 1, Fig. 2 ). The maximal growth response was observed in animals treated with 1000 µg.d -1 of Prog: the number of branches was 124.4 ± 7.8. However, in adult OV-X females, Prog alone stimulated growth of only small TEBs from the dose of 250 µg.d -1 but the increase in ductal branching was not significant.
Prog alone at high dose (1000 µg.d -1 ) only slightly increased number of TEBs in young intact males but had no effect on number of both TEBs in castrated animals and ductal branchings in young intact and castrated males (Table 2) .
In both young intact and adult gonadectomized male and female mice treated simultaneously with E and Prog, a more complex epithelial network with numerous TEBs, ductal branches and lobuloalveolar structures was formed. In female mice moderate doses of E acted synergistically with Prog to produce a higher mammary growth rate (side branching of the ducts and formation of lobuloalveolar structures) than that observed in young intact females which had received injections of E alone or in adult OV-X females treated with Prog alone or E alone (Table 1, Plate II, Fig 2) . In young intact females treated with E+Prog, the number of TEBs and the number of ductal branchings was not significantly different from that in animals treated with Prog alone. However, in OV-X females a combination of E plus Prog significantly increased the number of both TEBs and ductal branchings when compared with OV-X females treated with Prog alone. The number of TEBs increased from 32.0 ± 3.0 in animals treated with Prog alone to 51.7 ± 3.0 in these treated with E plus Prog; the number of ductal branchings increased from 28.3 ± 1.5 to 127.9 ± 7.9.
In males E also synergized the effect of Prog in stimulation of both the number of TEBs and the number of ductal branchings. The maximum effective dose of E (0.1 µg.d -1 ) in intact animals treated simultaneously with Prog increased number of TEBs to 46.0 ± 3.3 from 1.6 ± 0.5 in animals treated with Prog alone or from 14.6 ± 1.0 in animals treated with E alone; the number of ductal branchings increased to 152.0 ± 8.6 from 4.9 ± 0.8 in animals treated with Prog alone or from 18.1 ± 1.2 in animals treated with E alone. Similar synergism between E and Prog was also seen in adult castrated males (Table 2) . High dose (10 µg.d -1 ) of E in combination with Prog decreased both the number of TEBs and ductal branchings in males (Table 2 ). In young intact females the number of ductal branchings was decreased but the number of TEBs was not affected. In OV-X females the number of TEBs was decreased but the number of ductal branchings was not significantly decreased by high dose of E (Table 1) .
In male mice E synergized the effect of Prog in stimulation of both number of TEBs and number of ductal branchings. The maximum effective dose of E (0.1 µg.d -1 ) in the presence of Prog increased number of TEBs to 46.0 ± 3.3 from 1.6 ± 0.5 in the presence of Prog alone or from 14.6 ± 1.0 in the presence of E alone in young intact males. Results obtained with adult castrated animals were similar to those with young intact males. High dose (10 µg.d -1 ) of estradiol significantly decreased number of TEBs even in the presence of Prog, however, the number of TEBs was still significantly higher than in controls (Table 2) . , and the maximal growth response was observed in animals treated with 1000 µg.d -1 of Prog and reached higher level than that achieved in animals treated with E alone. The number of both small and large TEBs increased from control level 17.2 ± 0.9 to 40.6 ± 2.4 and number of ductal branchings increased from 21.9+1.0 to 124.4 ± 7.8 in young intact females. However, in adult OV-X females Prog increased number of small TEBs only from 12.6 ± 0.6 to 32.4 ± 2.0 but the increase of ductal branching was not significant. Both parameters were lower than those achieved in OV-X animals treated with E alone (Table 1 ). In males, Prog alone in high (1000 µg.d -1 ) dose increased number of TEBs only slightly (from 0.0 to 2.5 in Progtreated animals) in young intact males, but had no effect on the number of TEBs in adult castrated males and on the number of ductal branchings in both young intact and adult castrated males (Table 2) .
In both young intact and adult gonadectomized males and OV-X female mice treated with 500 µg.d -1 Prog and different doses of E (0.001-1 µg.d -1 ) E acted synergistically with Prog to produce higher duct branching (side branching of the ducts and formation of lobuloalveolar structures) than that observed in animals which had received injections of either Prog alone or E alone. However, in young intact females treated with different doses of E plus Prog the number of both TEBs and ductal branchings was not significantly different from that in animals treated with Prog alone. In contrast, even in the presence of Prog the very high dose (10 µg.d -1 ) of E decreased number of both TEBs and ductal branchings in males and OV-X females.
Discussion
Most tissues and organs undergo massive growth in the early stages of development, i.e. during fetal and early postnatal life. By contrast, mammary gland is a unique organ that undergoes most of its development during puberty and after the animal has reached maturity, that is, following the onset of pregnancy and lactation. In prepubertal and pubertal period of postnatal life the epithelium of mouse mammary gland expands and invades the mammary fat pad by branching morphogenesis (Borellini and Oka 1989; Richert et al. 2000) . The primary epithelial structures in mammary glands at the start of ductal growth are TEBs, which appear in C3H mice between 15 to 20 days of age, i.e. well before puberty (the onset of estrous cycling) and reach their maximal numbers at 40 days of age. In mice older, the numbers of TEBs decreased (Köhlerová and · karda, unpublished results). When the TEBs reach the connective tissue capsule at the edge of the fat pad at 10-12 weeks of age, they regress to form terminal ducts (Borellini and Oka 1989; Richert et al. 2000) .
The morphometric criteria of mammary growth as the number of ductal branchings and the number of end buds were successfully used in an experiment designed to study the effect of dietary fats on normal growth of the mammary gland in female mice (Nishinakagawa et al. 1989 ). The present results demonstrated that these criteria are also suitable quantitative parameters for bioassay of estrogenicity both in female and male mice. E alone evoked limited formation of TEBs and lengthening and branching of mammary ducts in intact prepubertal and adult gonadectomized male and female mice similarly as it was demonstrated for percent area of mammary fat pad occupied by mammary epithelial structures (·karda 2002 ab) .
It is interesting to note that although the number of TEBs per gland appears to be similar in the virgin intact (17.2 -18.3) and the virgin OV-X animals (12.2 -12.6) the glands of intact females have far greater size of TEBs than the tissue of OV-X females. This is due to the fact that there is an extensive proliferation of epithelial cells between 20 to 28 days of age in intact animals and ovariectomy performed at this age results only in regression of duct and TEBs diameter but these structures are still present. TEBs are visible as slightly dilated and darker ends of some ducts. The higher number of TEBs in animals treated with EV than in those treated with E could be explained by lower toxicity of EV due to its slower release from the injection site into general circulation and/or its slower tissue uptake.
In prepubertal females, Prog alone stimulated growth of mammary epithelial structures more than E alone. This could be related to secretion of estrogens in immature ovaries in amounts that are sufficient to synergize with injected Prog in stimulation of mammary growth. This interpretation is in agreement with decreased ability of Prog to stimulate mammary growth in ovariectomized animals. Moreover, Prog alone stimulated mammary growth only slightly in young intact and had no effect on mammary growth in adult castrated males. A slight stimulation of mammary growth in young intact animals by high doses of Prog alone could be related to the capacity of Leydig cells to convert testosterone by aromatase (the enzyme that catalyzes the synthesis of endogenous estrogen from testosterone) to E in males (Akingbeni et al. 2003) and to ability of high doses of Prog to decrease a threshold of estrogen action in mammary gland of females. The number of TEBs and ductal branchings showed a distinct biphasic response to the application of E. E doses of 0.001 to 1.0 µg.d -1 stimulated mammary growth, but dose above 10 µg.d -1 was inhibitory. The highest dose (10 µg.d -1 ) of E was completely devoid of effect not only on the number of both TEBs and ductal branchings (present results) but also on the % area of mammary fat pad occupied by mammary epithelial structures in females and adult castrated males (· karda 2002ab). Due to this inverted U-shaped dose-response curve of estrogens, testing with several doses should be used. Potential mechanisms mediating the reduction in mammary gland growth may include receptor down regulation and the capacity for estrogens to bind to receptors for other steroid hormones, androgen or glucocorticoid receptors, resulting in antagonistic effects mediated via other receptor systems in response to supraphysiological doses of estrogens (vom S aal et al. 1997 ). This interpretation is further supported by inhibitory action of both testosterone and cortisol on E or E plus Prog or norethindrone (a synthetic derivative of 19-nortestosterone exhibiting progestational and estrogenic activities) stimulated mammary growth (·karda 2002abc).
Diverse animal models and assays have been used to measure estrogenicity. However, all changes in endocrine-sensitive tissues are not necessarily specific e.g. both rodent uterotrophic and human breast cancer cell line MCF-7 assays lack specificity as estrogens and androgens both enhanced uterine growth and MCF-7 cell proliferation (Neum ann and Steinbeck 1974; Lippman et al. 1976 ). These stimulatory, estrogen-like effects of androgens are correlated with the binding of these steroids to the estrogen receptors and are considered as an estrogen receptor mediated mechanism (Hackenberg et al. 1993) . Therefore, it is important that testing for estrogenicity potential includes the ability to detect androgenic and antiandrogenic activities. This can be done by measuring the increase in seminal vesicle weight and by the decrease in E or E plus Prog or norethindrone stimulated mammary growth and abolition of testosterone effect in seminal vesicles, uterus and mammary gland by antiandrogens (·karda 2002abc, 2003) .
In conclusion, our results demonstrated that the number of TEBs and the degree of ductal branching are good parameters for estrogenicity testing. The disadvantage of estrogenicity bioassay on the female mammary gland is the stimulation of growth of mammary epithelial structures in intact animals not only by estrogen alone but also by Prog alone. This disadvantage was substantially eliminated by the use of OV-X females and young intact and adult castrated males. In these animals Prog alone has very low or no stimulatory effect on the number of both TEBs and ductal branchings. Agreement in results between the number of both TEBs and ductal branchings on the one side (present results) and the percent area of mammary fat pad occupied by mammary epithelial structures (·karda 2002ab) on the other side is good over the wide range of mammary growth and development. However, the counting of ductal branchings is not so rapid as determination of a percent area of epithelial structures in fat pad particularly in mammary glands with very advanced growth and development as it is seen in animals treated with E plus Prog.
Poãet terminálních pupenÛ a stupeÀ vûtvení duktÛ jako morfometrické parametry pfii biostanovení aktivit agonistÛ a antagonistÛ steroidních hormonÛ Dfiívûj‰í práce demonstrovaly, Ïe procento plochy, které zaujímají epiteliální struktury v tukové tkáni mléãné Ïlázy je vhodn˘m parametrem pro biostanovení estrogenicity a pro stanovení smûsi agonistÛ a antagonistÛ estrogenÛ. Cílem této práce bylo zjistit, jak estradiol (E), progesteron (Prog) a E plus Prog v závislosti na dávce ovlivÀují poãet terminálních pupenÛ (TEBs) a stupeÀ vûtvení duktÛ u mlad˘ch intaktních (18 dní vûku) a dospûl˘ch gonadektomizovan˘ch samcÛ a samic (ovariektomovan˘ch mezi 21.-24. dnem vûku; OV-X) my‰í a zda jsou tyto parametry vhodné pro biostanovení estrogenicity. U zvífiat o‰etfien˘ch E nebo E valerátem (EV) byla získána klasická bifázická kfiivka mezi dávkou a odpovûdí. Stfiední dávky E nebo EV (0,001-0,1 µg.d -1 ) zv˘‰ily jak poãet TEBs (hlavnû velk˘ch pupenÛ), tak vûtvení duktÛ, zatímco vysoké dávky (1 a 10 µg.d -1 ) byly inhibiãní. U mlad˘ch intaktních samic samotn˘ Prog od dávky 125 µg.d -1 zvy‰oval jak poãet TEBs, tak vûtvení duktÛ tak, Ïe byla dosaÏena vy‰‰í úroveÀ neÏ u zvífiat o‰etfien˘ch samotn˘m E; u dospûl˘ch OV-X samic zvy‰oval samotn˘ Prog od dávky 250 µg.d -1 poãet jen mal˘ch TEBs, a to na úroveÀ niÏ‰í neÏ u zvífiat o‰etfien˘ch samotn˘m E. U mlad˘ch intaktních samcÛ byl zaznamenán nízk˘ vzestup TEBs (mal˘ch pupenÛ) , a to pouze pfii vysoké dávce Prog (1000 µg.d -1 ); u dospûl˘ch kastrovan˘ch samcÛ Prog neovlivnil ani poãet TEBs ani vûtvení duktÛ. U mlad˘ch intaktních samic o‰etfien˘ch stfiední dávkou (0,001-0,1 µg.d -1 ) E plus Prog (500 µg.d -1 ) se ani poãet TEBs ani stupeÀ vûtvení duktÛ signifikantnû neli‰ily od poãtÛ tûchto struktur u intaktních samic o‰etfien˘ch samotn˘m Prog. Naproti tomu u OV-X samic o‰etfien˘ch E plus Prog byl jak poãet TEBs, tak poãet vûtvení duktÛ v˘raznû vy‰‰í neÏ u zvífiat o‰etfien˘ch samotn˘m Prog. V mléãné Ïláze samcÛ také pÛsobil E synergisticky s Prog, takÏe poãet Tebs a vûtvení duktÛ byl vy‰‰í neÏ u zvífiat o‰etfien˘ch samotn˘m E nebo Prog. Vysoká dávka (10 µg.d -1 ) E v kombinaci s Prog zv˘‰ila jak poãet TEBs, tak vûtvení duktÛ u samcÛ a OV-X samic.
